Tau is essential to B-amyloid-induced neurotoxicity
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Senile plaques and neurofibrillary tangles, the two hallmark le-
sions of Alzheimer’s disease, are the results of the pathological
deposition of proteins normally present throughout the brain.
Senile plaques are extracellular deposits of fibrillar B-amyloid
peptide (AB); neurofibrillary tangles represent intracellular bun-
dles of self-assembled hyperphosphorylated tau proteins. Al-
though these two lesions are often present in the same brain areas,
a mechanistic link between them has yet to be established. In the
present study, we analyzed whether tau plays a key role in fibrillar
ApB-induced neurite degeneration in central neurons. Cultured
hippocampal neurons obtained from wild-type, tau knockout, and
human tau transgenic mice were treated with fibrillar AB. Mor-
phological analysis indicated that neurons expressing either mouse
or human tau proteins degenerated in the presence of AB. On the
other hand, tau-depleted neurons showed no signs of degenera-
tion in the presence of Ap. These results provide direct evidence
supporting a key role for tau in the mechanisms leading to
Ap-induced neurodegeneration in the central nervous system. In
addition, the analysis of the composition of the cytoskeleton of
tau-depleted neurons suggested that the formation of more dy-
namic microtubules might confer resistance to ApB-mediated
neurodegeneration.

ecent research on the field of Alzheimer’s disease (AD) has

been focused on the mechanisms leading to the formation of
senile plaques and neurofibrillary tangles, the two hallmark
lesions of this neurodegenerative disease. Both lesions are the
result of the pathological deposition of proteins normally dis-
tributed throughout the brain. Senile plaques are extracellular
deposits of fibrillar B-amyloid peptide (AB), a cleavage product
of the amyloid precursor protein (see refs. 1-5 and refs. therein).
Neurofibrillary tangles, on the other hand, are intracellular
bundles of self-assembled hyperphosphorylated tau proteins
(6-10). Although these two lesions are often present in the same
brain areas, a mechanistic link between them has yet to be
established. Indirect evidence from several studies using cul-
tured neurons suggests a role for tau in the generation of
dystrophic neurites in the presence of fibrillar AB. The common
picture emerging from these studies indicates that deposition of
fibrillar AB induces phosphorylation of tau followed by progres-
sive degeneration of neuronal processes (11-16). In addition,
several groups have reported that kinases known to phosphor-
ylate tau in vitro were activated in response to fibrillar AB
deposition. When young neurons were incubated in the presence
of fibrillar AB, both GSK38 and CDKS were activated (11, 17).
In mature hippocampal neurons, on the other hand, fibrillar
Ap-induced neurotoxicity was accompanied by the sustained
activation of mitogen-activated protein kinase (MAPK) (14-16,
18). Taken collectively, these results suggest a key role for tau in
the generation of dystrophic neurites in response to fibrillar A
treatments. To obtain direct evidence of the participation of tau
in this process, we analyzed the effect of fibrillar AB on neurite
degeneration in tau-depleted hippocampal neurons. The results
presented here indicate that hippocampal neurons depleted of
tau by homologous recombination techniques do not degenerate
in the presence of fibrillar AB. In addition, analysis of the
composition of the cytoskeleton of tau-depleted neurons sug-
gests that the presence of an increased pool of unstable micro-
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tubules might render these cells resistant to degeneration caused
by fibrillar AB deposits.

Materials and Methods

Preparation of Hippocampal Cultures. Embryonic day (E)16 em-
bryos obtained from wild-type, homozygous tau knockout, and
human tau transgenic mice on a murine tau null background
were used to prepare primary hippocampal cultures as described
(19, 20). Briefly, hippocampi were dissected and freed of me-
ninges. The cells were dissociated by trypsinization (0.25% for 15
min at 37°C) followed by trituration with a fire-polished Pasteur
pipette. The cell suspension was then plated onto poly-L-lysine-
coated coverslips in MEM with 10% horse serum. After 4 h, the
coverslips were transferred to dishes containing an astroglial
monolayer and maintained in MEM containing N, supplements
(21) plus ovalbumin (0.1%) and sodium pyruvate (0.1 mM). For
biochemical experiments, hippocampal neurons were plated at
high density (500,000 cells/60-mm dish) in MEM with 10% horse
serum. After 4 h, the medium was changed to glia-conditioned
MEM containing N, supplements (21) plus ovalbumin (0.1%)
and sodium pyruvate (0.1 mM).

AB Aggregation and Treatment. Synthetic AB (1-40), obtained
from Sigma, was dissolved in N, medium at 0.5 mg/ml and
incubated for 4 days at 37°C to preaggregate the peptide (14).
Fibrillar AB was added to the culture medium at a final
concentration of 20 uM, and the cells were grown in its presence
for 1-4 days as described (14, 18). Soluble AB (1-40) was used
as additional control.

Immunocytochemical Procedures. Hippocampal neurons cultured
for 4 weeks were fixed for 20 min with 4% paraformaldehyde in
PBS containing 0.12 M sucrose. They were then permeabilized
in 0.3% Triton X-100 in PBS for 5 min and rinsed twice in PBS.
The cells were preincubated in 10% BSA in PBS for 1 h at 37°C
and exposed to the primary antibodies (diluted in 1% BSA in
PBS) overnight at 4°C. Finally, the cultures were rinsed in PBS
and incubated with secondary antibodies for 1 h at 37°C. The
following primary antibodies were used: anti-a-tubulin (clone
DM1A) and polyclonal antitubulin from Sigma, and anti-tau
(clone tau-5, ref. 22). The following secondary antibodies were
used: anti-mouse IgG fluorescein-conjugated and anti-rabbit
IgG rhodamine-conjugated (Boehringer Mannheim).

To quantify neurite degeneration, control and Ap-treated
cultures were stained with a tubulin antibody as described above.
Ninety fields were analyzed for each experimental condition and
the number of processes showing signs of degeneration (tortuous
course of the neurites, varicosities, and/or fragmentation of

Abbreviations: MAPK, mitogen-activated protein kinase; AD, Alzheimer’s disease; ApB,
B-amyloid peptide; En, embryonic day n.

*M.R. and H.N.D. contributed equally to this work.

ITo whom reprint requests should be addressed at: Northwestern Institute for Neuro-
science, Searle Building Room 5-474, 320 East Superior Street, Chicago, IL 60611. E-mail:
a-ferreira@northwestern.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.092136199



processes) was counted. In addition, cell viability was assessed by
counting the number of live/dead neurons using the ethidium
homodimer/calcein a.m. (Molecular Probes) combination of
vital dyes as previously described (18). Briefly, 30 days in culture,
hippocampal neurons were incubated for 30 min at 37°C using
the Live/Dead Viability/Cytotoxicity Kit. Fifty nonoverlapping
microscopic fields from three independent experiments were
analyzed for each experimental condition.

Protein Determination, Electrophoresis, and Immunoblotting. Cul-
tures were rinsed twice in warmed PBS, scraped into Laemmli
buffer, and homogenized in a boiling water bath for 5 min. The
protein concentration was determined by the method of Lowry
et al. (23) as modified by Bensadoun and Weinstein (24).
SDS-polyacrylamide gels were run according to Laemmli (25).
Transfer of protein to Immobilon membranes (Millipore, Bed-
ford, MA) and immunodetection were performed according to
Towbin et al. (26) as modified by Ferreira et al. (27, 28). The
following antibodies were used: anti-a-tubulin (clone DMI1A,
1:3,000; Sigma); anti-tau [clone SE2, 1:20 (8); tau-5, 1:100 (22);
anti-MAP?2 (clone AP14, 1:500); antiacetylated tubulin (clone
6-11-B1, 1:1,000), antityrosinated tubulin (clone Tub-1A2,
1:1,000), anti-MAP1A (clone HM-1, 1:100), anti-MAP1B (clone
AAG6, 1:100) all from Sigma, anti-Class III B-tubulin (clone Tujl,
1:1,000, Chemicon), antidetyrosinated tubulin (a generous gift
from Gary Borisy, Northwestern University, 1:5,000), anti-
ERK2 (Santa Cruz, Biotechnology, 1:2,000); and antiactive
MAPK (Biosource International, Camarillo, CA, 1:100). Sec-
ondary antibodies conjugated to horseradish peroxidase
(1:1,000, Promega) followed by enhanced chemiluminescence
reagents (Amersham Pharmacia Biotech) were used for the
detection of proteins. Densitometry was performed by using a
Bio-Rad 700 flatbed scanner (Bio-Rad) and MOLECULAR ANA-
LYST software (Bio-Rad). Films and membranes were scanned at
600 dots per inch by using light transmittance, and pixel volume
analysis was performed on the appropriate bands. Densitometric
values were normalized by using a-tubulin or total MAPK as
internal controls. Scanning of the Western blots demonstrated
the curve to be linear in the range used for each antibody.

Treatment with Cytoskeletal Disrupting Drugs. Hippocampal neu-
rons obtained from wild-type, tau knockout, and human tau
transgenic mice were kept in culture for 4 weeks and then treated
with either nocodazole or Taxol (both from Sigma). Nocodazole
was added, at a final concentration of 10 pg/ml, for 1 h, and
cytoskeletal fractions were prepared as described (27, 28).
Briefly, cultures were rinsed in a microtubule stabilizing buffer
(MTSB, 0.13 M Hepes/2 mM MgCl,/10 mM EGTA; pH 6.9) for
2 min and then extracted in MTSB plus 0.2% triton X-100 for 4
min and scraped into Laemmli buffer as previously described. In
another set of experiments, cultures were pretreated with Taxol
(1 or 10 uM) for 6 h (27) and then incubated with or without
fibrillar AB for 24 h. Neurons were then fixed and immuno-
stained or used to prepare cytoskeletal fractions as described
above.

Results

Tau-Depleted Hippocampal Neurons Did Not Degenerate in the Pres-
ence of Fibrillar AB. Primary cultures of hippocampal neurons
were prepared from wild-type or homozygous tau knockout E16
mouse embryos and were cultured for 4 weeks. These mature
hippocampal neurons were cultured in the presence of fibrillar
A at a final concentration of 20 uM for 24-96 h, at which point
the cultures were fixed and analyzed. Severe degeneration was
apparent in fibrillar AB-treated wild-type cells when compared
with nontreated control cells. Comparable to those described in
rat cultures, the signs of degeneration observed in these cells
included the formation of tortuous processes, the presence of
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Fig. 1.  Fibrillar AB induced neurite degeneration in mature hippocampal
neurons. Hippocampal neurons obtained from wild-type E16 embryos were
kept in culture for 4 weeks (A and B) and then incubated in the presence of
fibrillar A for 4 days (C and D). Cells were fixed and double stained with
tubulin (polyclonal antitubulin, Sigma) (A and C) and tau (clone tau-5) (B and
D) antibodies. Note the massive neurite degeneration induced by fibrillar Ag
(C and D). (Bar = 20 um.)

varicosities along neurites and retraction of neuritic processes
(see refs. 14, 18). These signs of neurite degeneration were
evident as early as 24 h after the addition of fibrillar AB. After
96 h, most of the neuritic processes extended by wild-type
neurons (90 = 5%) had completely degenerated (Fig. 1), and
most of the neurons were dead (87 = 7%). In contrast, no signs
of neurite degeneration were observed when tau-depleted neu-
rons were grown in the presence of fibrillar A for 24 h. Even
96 h after the addition of fibrillar AB, most of the processes
extended by tau-depleted neurons (85 = 7%) displayed normal
morphological characteristics (Fig. 2), and only a few of them
died (20 = 5%).

Neurons Expressing Human Tau Degenerated in the Presence of
Fibrillar AB. The experiments described above suggested that tau
might play a key role in the mechanisms leading to the degen-
eration of neurites in the presence of fibrillar AB. For this to be
the case, the re-expression of tau in cultured hippocampal
neurons should restore their susceptibility to degeneration in the
presence of fibrillar AB. To test this hypothesis, we repeated
these experiments with cultures prepared from human tau
transgenic mice generated on a murine tau knockout back-
ground. These mice expressed only the human tau protein (20).
Hippocampal neurons obtained from these mice were cultured
for 4 weeks, and the level of tau expression was quantified by
Western blot analysis where anti-human tau antibodies recog-
nized one main band. The level of tau expression in human tau
transgenic cultures was approximately 63% of those observed in
wild-type mouse controls at 4 weeks after plating (see also Fig.
4 and Table 2). However, the level of expression of the only
human isoform expressed in these neurons was significantly
higher than the corresponding murine isoform (63 = 5% vs. 42 =
4%, respectively). When these human tau cultures were exposed
to fibrillar AB, they degenerated in a manner similar to the
Ap-treated wild-type cultures (Fig. 3). Four days after the
addition of fibrillar AB, the majority (87 % 6%) of the processes
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Fig. 2. Tau-depleted hippocampal neurons did not degenerate in the pres-
ence of fibrillar AB. Hippocampal neurons obtained from tau knockout E16
embryos were kept in culture for 4 weeks (A and B) and then incubated in the
presence of fibrillar A for 4 days (C and D). Cells were fixed and double
stained with tubulin (polyclonal antitubulin, Sigma) (A and C) and tau (clone
tau-5) (B and D) antibodies. Most of the processes extended by tau knockout
neurons showed normal morphological characteristic in the presence of fibril-
lar A (C). (Bar = 20 um.)

on hippocampal neurons expressing human tau had degenerated
(Fig. 3) and most of the cells died (79 = 9%). These results
provide direct evidence that tau is a major downstream target for
Ap-induced neurodegenerative processes.

Fig. 3. Cultured hippocampal neurons expressing human tau degenerated
in the presence of fibrillar AB. Hippocampal neurons obtained from human
tau transgenic mice were kept in culture for 4 weeks and then incubated in the
presence (C and D) or absence (A and B) of fibrillar AB for 4 days. Cells were
fixed and double stained with tubulin (polyclonal antitubulin, Sigma) (A and
C) and tau (clone tau-5) (B and D) antibodies. (Bar = 20 um.)
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Table 1. Activation of MAPK by fibrillar AB in mature
hippocampal cultures prepared from wild-type, tau knockout,
and human tau transgenic mice

Active MAPK

Genotype Treatment (% of untreated control)
Wild type None 100

Wild type AB fibrils* 180 = 15%

Tau knockout None 98 + 17

Tau knockout Ap fibrils 175 = 107

htau transgenic None 115 + 19

htau transgenic AB fibrils 189 = 127

Cultures were prepared and Western blots run as described. Enhanced
chemiluminescence was used to detect proteins. The numbers represent the
means = SEM obtained from three experiments.

*Ap fibrils were added at a final concentration of 20 uM.
Differs from untreated control; P < 0.001.

Fibrillar AB Activated MAPK in Hippocampal Neurons Obtained from
Tau Knockout and Human Tau Transgenic Mice. A3 neurotoxicity
has been reported to result in tau hyperphosphorylation
(11-18). In agreement with these findings, we have previously
shown that the addition of fibrillar A to mature hippocampal
neurons kept in culture for more than 28 days resulted in the
sustained activation of MAPK (14, 18). Because no degener-
ation was observed when tau-depleted neurons were cultured
in the presence of fibrillar AB, we analyzed whether the MAPK
signal transduction was activated as we previously observed in
wild-type controls treated with AB. The content of active
MAPK was determined in hippocampal cultures obtained
from wild-type, tau knockout, and human tau transgenic mice,
all treated with fibrillar AB and compared with untreated
controls. Whole cell extracts were prepared from 30-day in
vitro cultures treated with or without fibrillar AB for 24 h.
Immunoblots were reacted with an antibody that recognizes
phospho-specific MAPK (ERK2 active forms) and normalized
by using an antibody that recognizes total MAPK (phosphor-
ylated and dephosphorylated ERK2). We have previously
shown that this method of detection of MAPK activation gives
results comparable to those obtained by means of in vitro
kinase assays (14, 18). A significant increase (>80%) in active
MAPK levels was detected in wild-type Ap-treated cells as
compared with nontreated controls (Table 1). Similar results
were obtained from cultures prepared from knockout and
human tau transgenic mouse embryos (Table 1). In these
cultures, the addition of fibrillar AB resulted in increased
MAPK activity (=75 and 89%, respectively) when compared
with nontreated controls (see also Table 1).

Analysis of the Complement of Microtubular Proteins in Tau Knockout
Hippocampal Neurons. Because the results described above in-
dicated that tau-depleted neurons were not susceptible to the
neurodegeneration typically observed in the presence of fibril-
lar AB, we analyzed the composition of their microtubular
system. Microtubules play an important role in neurite elon-
gation and maintenance in cultured neurons. Changes in the
levels of tubulin subunits and/or in the complement of mi-
crotubule-associated proteins result in altered rates of growth
of axonal and dendritic processes in cultured hippocampal
neurons (28). We initially analyzed the complement of other
non-tau MAPs in these cells. No changes in the total levels of
MAPI1B, MAP1A, or MAP2 were detected in tau-depleted
neurons when compared with wild-type or human tau trans-
genic controls. However, we did detect changes in the expres-
sion of MAP2 isoforms. In mature wild-type and human tau
transgenic hippocampal neurons, high molecular weight
MAP2 (predominantly MAP2b) isoforms were more abundant
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Fig. 4. (A) Western blot analysis of the content of microtubular proteins in wild-type (wt), human tau transgenic (htau transg), and knockout (KO) tau
hippocampal neurons kept in culture for 4 weeks and incubated in the presence or absence of fibrillar Ag for 4 days. Equal amounts of total protein (40 ng) were
loaded in each lane. (B) Western blot analysis of the content of a-tubulin and detyrosinated tubulin in cytoskeletal fractions prepared from wild-type (wt), human
tau transgenic (htau transg), and knockout (KO) tau hippocampal neurons kept in culture for 4 weeks and incubated in the presence or absence of nocodazole
or Taxol. Nocodazole-resistant fractions were normalized using the content of a-tubulin as internal controls.

than the lower molecular weight isoform (MAP2c). Con-  counterparts (Fig. 4 and Table 2). These results suggested the
versely, there was a significant increase in MAP2c and a  presence of a more dynamic population of microtubules in
decrease in MAP2b levels in tau-depleted neurons as com-  tau-deficient neurons as compared with wild-type or human
pared with those expressing wild-type murine tau and those  tau transgenic controls. To further test the stability of the
expressing the human tau transgene (Fig. 4 and Table 2). microtubular system, wild-type, human tau transgenic, and tau

We also analyzed the complement of tubulin in these cells. In  knockout cultures were treated with nocodazole for 1 h at a
addition to total tubulin and neuron-specific class ITII B-tubulin,  final concentration of 10 ug/ml to induce the depolymeriza-
we analyzed the levels of acetylated and detyrosinated tubulin as  tion of unstable microtubules (31). Nocodazole-resistant mi-
markers of stable microtubules and tyrosinated tubulin as a  crotubule fractions were then prepared, and the content of
marker of unstable microtubules (29, 30). No significant changes ~ detyrosinated tubulin was determined. Significantly less pro-
were detected in the content of total tubulin, acetylated tubulin,  tein was recovered in nocodazole-resistant fractions obtained
or class III neuron-specific tubulin in human tau transgenic or ~ from tau-depleted neurons when compared with those ob-
tau knockout mice when compared with wild-type untreated  tained from tau-expressing neurons. In addition, a significant
cultures (Table 2). On the other hand, our results demonstrated  decrease in detyrosinated tubulin (stable microtubules) was
a significant increase in tyrosinated tubulin and a concomitant  detected in nocodazole-treated tau-deficient neurons when
decrease in detyrosinated tubulin in tau-depleted neurons when  compared with neurons expressing either murine or human tau
compared with either their wild-type or human tau transgenic  (Fig. 4, Table 2).

Table 2. Content of microtubular proteins in whole-cell extracts (upper part of table) and cytoskeletal fractions (lower part of table)
obtained from wild-type, human tau (htau) transgenic, and tau knockout hippocampal neurons cultured in the presence of fibrillar
AB, nocodazole (nocod), or Taxol

Phenotype
Wild type htau transgenic Tau knockout

Protein No treatment AB* No treatment AB No treatment AB
Tyr-tubulin 100 97 =12 99 +9 111 =10 160 = 157 154 = 12%
Detyrosinated tubulin 100 112+ 8 109 =9 117 =12 72 = 107 68 = 107
Acetylated tubulin 100 110 = 15 118 = 17 102 = 14 111 12 120 £ 15
Class Il B-tubulin 100 102 =7 88 = 10 77 =18 79 = 16 87 =18
MAP1B 100 95 +7 92 +9 88 = 15 90 = 12 95 + 15
MAP2a + b 100 120 = 10 110 = 13 125 = 11 56 = 77 54 = 6"
MAP2c 100 1035 110 = 11 115*9 167 = 127 157 = 10%
Tau 100 101 £ 6 635 58 =8 ND ND

No treatment Nocod* Taxol$ No treatment Nocod Taxol No treatment Nocod Taxol
a-tubulin 100 89 +9 115 = 10* 98 £7 91+7 118 = 8* 88 + 41 86 = 5 115 + 101
Detyr. tubulin 100 9 =5 122 = 71 94 £ 8 84 £5 110 = 57 72 =8t 47 = 8t 118 = 61

Protein amounts are expressed as % of wild-type untreated controls. Each number represents the mean + SEM. Samples were prepared from three
independent cultures for each experimental condition. ND, not detected.
*AB fibrils were added at a final concentration of 20 uM.
tDiffers from control cultures, P < 0.001.
*Nocodazole was added at a final concentration of 10 ug/ml. Nocodazole-resistant fractions were normalized by using the content of a-tubulin as internal
controls.
STaxol was added at a final concentration of 10 uM.
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Fig. 5. Fibrillar A induced neurite degeneration in Taxol-treated tau-
depleted hippocampal neurons. Wild-type (A and B), tau knockout (C and D),
and human tau transgenic (E and F) hippocampal neurons kept in culture for
4 weeks were pretreated with Taxol for 6 h and then cultured for 24 h in the
presence (B, D, and F) or absence (A, C, and E) of fibrillar Ag. Cells were then
fixed and stained by using a tubulin antibody (clone DMIA, SIGMA). Severe
neurodegeneration was detected in Taxol-treated tau knockout hippocampal
neurons exposed to fibrillar AB (D) as well as in neurons expressing either
murine (B) or human (F) tau isoforms. (Bar = 20 um.)

Finally, we determined whether the more dynamic microtu-
bular system observed in tau knockout neurons was responsible,
at least in part, for preventing AB-induced neurodegeneration.
To test this hypothesis, tau-depleted neurons were pretreated
with Taxol (a microtubule-stabilizing factor) for 6 h (1 and 10
uM, final concentration) and then incubated in the presence of
fibrillar AB for 24 h. The addition of Taxol (both doses tested)
induced a significant increase in stable microtubules in tau
knockout cultures, and detyrosinated tubulin reached levels
comparable to those observed in neurons expressing either
murine or human tau (Figs. 4 and 5, Table 2). Severe neurode-
generation was detected when tau-depleted neurons, in which
the microtubules had been stabilized by Taxol, were incubated
with fibrillar AB (Fig. 5). No differences were detected when
these cultures were compared with wild-type or human tau
transgenic controls treated with Taxol and incubated with
fibrillar AB (Fig. 5).

Discussion

The results presented herein provide direct evidence supporting
a key role for tau in the mechanisms leading to fibrillar AB-
induced neurodegeneration in hippocampal neurons. In addi-
tion, they suggest that changes in the composition of the
cytoskeleton that result in the formation of more dynamic
microtubules might confer resistance to degeneration in the
presence of this peptide.

The lack of neurite degeneration in tau knockout hippocam-
pal neurons and the restoration of the neurotoxic effect of
fibrillar AB by the re-expression of tau provide direct evidence
for a key role of tau in this neurodegenerative process.
However, the mechanism by which tau mediates neurite
degeneration in the context of the AD process is not com-
pletely understood. Recently, more than 15 different patho-
genic mutations in the tau gene were shown to associate with
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human autosomal dominant frontotemporal dementias (re-
viewed in ref. 32). However, tau mutations do not associate
with any known form of familial AD, suggesting that tau
filament formation is a more distal event in the disease
process. AD then would begin when fibrillar AB triggers
posttranslational modifications of tau (i.e., phosphorylation
and/or truncation) that could favor its aggregation as cyto-
plasmic filamentous inclusions (reviewed in ref. 33). Whether
these aggregates are toxic or interfere in essential cell pro-
cesses is unknown. Perhaps pathological aggregates of hyper-
phosphorylated tau alter the transport of essential materials to
the distal ends of the neuronal processes. As a consequence of
this altered transport, a progressive degeneration initiated at
the distal end of the processes and moving retrogradely toward
the cell body takes place. Experimental data supporting this
hypothesis indicated that the overexpression of tau in CHO or
differentiated neuroblastoma cells (N2a cell line) resulted in
a differential impairment of plus-end-directed transport me-
diated by kinesin-like motors (34, 35). In the absence of tau
(i.e., knockout mice), no alteration of axonal transport should
occur in the presence of fibrillar AB permitting essential
elements to reach distal portions of the neuritic processes and
prevent neurodegeneration.

It has been suggested that AB-induced hyperphosphoryla-
tion of tau could also lead to neurite degeneration by decreas-
ing microtubule stabilization (36). Under this premise, tau-
depleted neurons should have less stable microtubules and
therefore an increased susceptibility to degeneration. Our
results suggested that only the subpopulation of stable micro-
tubules containing detyrosinated but not the one containing
acetylated tubulin was decreased in the absence of tau. These
results suggest that tau might be involved (and/or associated)
with the stabilization of only one subset of microtubules in
central neurons, the one containing detyrosinated tubulin.
These data are in agreement with previous observations
indicating that in neurons, unlike in other cell types, acetyla-
tion and detyrosination define two different subsets of stable
microtubules (37). The decrease in detyrosinated microtubules
is accompanied by a significant increase in tyrosinated tubulin
in tau-depleted neurons. This increase in unstable microtu-
bules could be driven by the absence of tau and/or by the
increase in the level of MAP2c. This juvenile MAP has been
linked with the polymerization of a more plastic cytoskeleton
during the initial phases of development (38-40). In addition,
the continued expression of MAP2c in brain areas undergoing
active growth during adulthood (i.e., the olfactory bulb)
suggests its role in the formation of dynamic microtubules
characteristic of rapid neurite elongation (40). These results
suggest that the presence of a more dynamic microtubular
system might allow neurons to compensate for degenerative
cues. Our results showing that tau-depleted neurons in which
their microtubules had been stabilized by Taxol became sus-
ceptible to degeneration in the presence of fibrillar AB seem
to support this view. However, we could not rule out the
possibility that AB induced neurite degeneration in Taxol-
treated cells through mechanisms different from the ones
activated in the absence of Taxol. Taxol could induce neurite
degeneration by impairing anterograde axonal transport (41).
Alternatively, Taxol could induce apoptosis in central neurons
by activating a pool of c-jun protein kinase in the nucleus of
central neurons (42). However, the lack of signs of neurite
degeneration in control Taxol-treated wild-type, tau knock-
out, and human tau transgenic neurons argues against the
possibility that these mechanisms are primarily responsible for
Ap-induced neurodegeneration in these cells.

Regardless of the mechanisms involved, the present results
strongly suggest a key role for tau in neurodegeneration
associated with fibrillar AB deposition in the central nervous
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system. The elucidation of the precise mechanisms underlying
fibrillar AB-induced neurite degeneration awaits further
investigation.
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